L ivestock production in Alberta, Canada, has experienced major changes during the last three decades due to increases in the size, intensity, and number of cattle feedlot operations. Currently Alberta is the leading cattle-producing province in Canada, with 44% of the national total (Alberta Beef Producers, 2012) . In Lethbridge County, southern Alberta, where this study was conducted, feedlot manure production is estimated to be >1.8 million Mg yr -1 (Government of Alberta, 2000) . Despite the value of feedlot manure as a fertilizer and soil amendment (Freeze and Sommerfeldt, 1985; Sommerfeldt and Chang, 1985) , long-term manure applications can result in soil nutrient imbalances (Nicholson et al., 2003 (Nicholson et al., , 2006 Hao and Chang, 2007; Benke et al., 2008) and soluble salt accumulation Chang, 2002, 2003) . Long-term cattle manure applications can change the soil solution from Ca dominant to K dominant (Hao and Chang, 2002) and greatly increase total and soluble P concentrations (Chang et al., 2005) . The change in soil properties will affect the plant nutrient composition and thereby the nutritive value of forage produced for livestock feed.
higher in discontinued manure plots following 11 yr with no applications, compared with unmanured plots (Benke et al., 2008) .
Applying cattle manure for forage crop production is a common practice on agricultural land around the world; however, changes in forage nutritive values that potentially affect animal health and performance may not be appropriately taken into account by local farmers. Both plant and animal requirements should be considered when applying manure to forage crops.
The main objective of this research was to investigate the effect of 37 annual (continuous use) applications of feedlot cattle manure compared with 30 yr of annual manure applications followed by 7 yr without applications (discontinued use) on the yield and nutritive value of barley forage, as well as N and P budgets.
MAteriAlS ANd MethodS experimental design
This experiment utilized an irrigated barley production field within an existing long-term manure experiment initiated in 1973 at the Agriculture and Agri-Food Canada Research Centre in Lethbridge (49°42¢ N, 112°48¢ W), southern Alberta, Canada. This region is semiarid, with an average temperature of 14.7°C and 251 mm rainfall during the growing season (May-September) ( Table 1 ). The soil is a calcareous, dark brown Chernozemic clay loam (a Typic Haplustoll). Details on soil composition were reported by Sommerfeldt and Chang (1985) .
Briefly, beginning in 1973, solid cattle feedlot manure (Table 2) was applied each fall after harvest. From 1973 to 1989, the experimental design was a split plot, with tillage treatments as main plots and manure treatments as subplots. The tillage treatments included three methods (plow, rototill, and cultivator plus disk) of incorporating manure into the soil, each randomly assigned and replicated three times. Each main plot (61 m long by 7.6 m wide) was divided into four subplots (15.2 m long by 7.6 m wide), which were randomly assigned to manure applications at 0 (check, CK), 60 (M60), 120 (M120), and 180 (M180) Mg ha -1 yr -1 . An application rate of 60 Mg ha -1 yr -1 for irrigated crop production was the local recommended agronomic rate (N based) at the time the experiment was initiated in 1973. In 1990, tillage treatments were discontinued because the effects were not significant (Sommerfeldt and Chang, 1985; Sommerfeldt et al., 1988) , and manure in all plots was incorporated with a cultivator, resulting in nine replicates for each manure treatment. In 1990, each CK subplot was split; one half received 100 kg N ha -1 (NH 4 NO 3 fertilizer, FER treatment) each spring and the other half remained unchanged. No other inorganic fertilizer was used in any of the subplots. After 30 annual applications (with the last application in fall 2002), three replications from each manure rate treatment received no further manure applications, creating three discontinued manure treatments (D60, D120, and D180). The M60, M120 and M180 treatments received 37 annual manure applications from 1973 to 2009, while the D60, D120 and D180 treatments received 30 annual applications , followed by 7 yr of no manure applications (2003) (2004) (2005) (2006) (2007) (2008) (2009) . Barley was grown in most years except 1996 when canola (Brassica rapa L.) was grown and 1997 to 2000 when corn (Zea mays L.) was grown. Crops were generally seeded in May and harvested in October. Greater amount of irrigated water was used in 2008 to support a leaching experiment.
Manure and Soil Sampling and Analysis
The solid cattle manure used came from a single commercial cattle feedlot. During the 37-yr experiment, eight manure samples were collected each year and analyzed for moisture and chemical properties. At least two soil samples (core size 240-660 cm 3 for the 0-15-and 15-30-cm depths and 478-1326 cm 3 for the 30-60-cm depth) were collected in the fall (after harvesting and before the next manure application) from each subplot every other year from 1973 to 1993 and every 5 yr thereafter. For each depth, the samples were composited before analysis. Surface soil (0-15 cm) data from 2003 and 2008 are reported for the current study, except for soil inorganic N (NO 3 -N + NH 3 -N) data, which is reported for depths of 0 to 15, 15 to 30, and 30 to 60 cm. Manure samples (oven dried at 60°C through 2006 and freeze-dried thereafter) and soil samples (air dried) were ground and passed through a 2-mm sieve before analysis. Soil inorganic N was determined by extracting with a 2 mol L -1 KCl solution (1:5 solid/liquid, shaken for 1 h) and the concentration determined using an 
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6.1 7. autoanalyzer (Technicon II autoanalyzer, following Technicon Industrial Method no. 100-70 W/B). Electrical conductivity of the soil and manure was determined using the saturated paste method (Janzen, 1993) . Manure saturated paste extracts were also used for the determination of water-soluble K, Ca, Mg, and Na concentrations. Manure test Zn concentration was determined using the EDTA extraction method (Haq and Miller, 1972) . The manure extracts were analyzed using an atomic absorption spectrometer (Varian Model AA240). For soil test Ca, Mg, Na, and K concentrations, 5.0 g of soil was extracted in 50 mL of 1 mol L -1 NH 4 OAc (Jones, 2000) . For soil test Zn concentration, 12.5 g of soil was extracted in 25 mL of diethylenetriaminepentaacetic acid (DTPA) and triethanolamine (TEA) solution (0.005 mol L -1 DTPA, 0.1 mol L -1 TEA, and 0.01 mol L -1 CaCl 2 adjusted to pH 7.3) (Lindsay and Norvell, 1978) . These soil extracts were analyzed by inductively coupled plasma spectrometry (Questron Technologies Corp.). From 1973 to 1993, manure and soil organic C (OC) were determined using the Walkley and Black (1934) method and TN using the Kjeldahl-Gunning method (AOAC International, 1950) . After 1993, total C (TC) and TN were determined using an automated CN analyzer (Carlo Erba). Inorganic C (IC) was measured using the method of Amundson et al. (1988) (Parkinson and Allen, 1975) , manure and soil TP were determined on an autoanalyzer (Technicon II autoanalyzer, following Technicon Industrial Method no. 334-74 W/B+). Soil test P was extracted by the Olsen method (1:10 soil/solution ratio) (Schoenau and Karamanos, 1993) and measured using a Technicon autoanalyzer, except in 1998 when the Kelowna (Van Lierop, 1988 ) method was used. Because the STP determined by the Kelowna method is generally higher than when using the Olsen method, the results from 1998 were converted to the equivalent Olsen method based on regression analysis on data obtained using both methods. The total Zn concentration in the manure was obtained by an acid digestion using 0.25 g of sample with 5 mL of 50% HNO 3 and 2 mL of 30% H 2 O 2 at 85°C for 30 min, followed by the addition of another 2 mL of H 2 O 2 solution and digesting at 95°C for an additional 30 min (modification of Martin et al., 1994) . Total Zn was determined by atomic absorption spectrometer (Varian Model AA240). All results are expressed on a dry-mass basis. Manure properties are given in Table 2 .
Vegetation Sampling and Analysis
Barley samples taken from 2003 to 2010 are reported for the current study. The barley cultivars were Duke, Kasota, and Vivar. These cultivars were introduced by the Alberta Barley Commission and were recommended for feed and described as high yielding and disease resistant. Barley in half of each ; manure applied at rates of 60, 120, and 180 kg ha -1 yr -1 (wet basis) for 37 continuous yr (M60, M120, and M180, respectively); and manure applied at rates of 60, 120, and 180 kg ha -1 yr -1 for 30 continuous yr followed by 7 yr discontinued applications (d60, d120, and d180, respectively). were still under the influence of the last manure application. The first discontinued year is 2004. ‡ Data reported on a dry mass basis; values in a column for each property followed by different lowercase letters indicate a year effect, while values in a row for each property followed by different uppercase letters indicate a treatment effect at P < 0.05, based on a Bonferroni test. § Soil Ca concentrations were not affected by year ´ treatment interaction (P > 0.05). ¶ Soil Zn concentrations were not affected by year and year ´ treatment interaction at P > 0.05. # Electrical conductivity.
Property
subplot was harvested at the soft dough stage as forage feed. The remaining half of each subplot was harvested at maturity to obtain the grain yield. All crop residues were removed, with only about 5 to 15 cm of stubble remaining in the field. Samples were oven dried at 60°C, then coarsely ground (<2 mm) and subsamples finely ground (<0.15 mm) before analysis. Only forage nutrient concentrations were included in this study. Barley forage TN and TP were determined as described for manure and soil samples. Crude protein was calculated by multiplying TN by a factor of 6.25. Barley forage water-extractable NO 3 -N (1:100 solid/liquid ratio, shaken for 1 h) was measured using an autoanalyzer (Technicon II autoanalyzer, following Technicon Industrial Method no. 100-70 W/B). Barley forage K, Mg, Ca, and Zn concentration analyses followed the method described above for manure total Zn determination. All results are expressed on a dry-mass basis.
Nitrogen and Phosphorus budget
Nutrient budget calculations included input from manure application minus removal by plant uptake. Nitrogen and P recovery percentage was calculated as output (kg ha -1 )/(input + previous year balance, kg ha -1 ) ´ 100. Because the manure application rates used provided N and P in excess of plant needs, the balance from the previous year was carried forward to the input of the following year. Therefore, soil N and P original concentrations and losses were not taken into account. An earlier study, conducted on P dynamics in our manured irrigated plots, indicated that 85 to 93% of the P applied by manure was recovered in the soil and crop pools (Whalen and Chang, 2001) . No study has been conducted on N dynamics.
For most years (1974-1995, 2001, and 2003-2007) , N and P uptake was calculated based on barley straw and grain yield. In other years, it was calculated based on either corn or canola or barley silage. Missing barley straw TN analyses from 1974 to 1990 were estimated using multiple regression, based on barley straw TN (g N kg -1 ) and grain TN (g N kg -1 ) data (mean for each manure rate for each year) from 1990 to 1995, 2001, and 2003 to 2010: ( ) 
Because TP for barley biomass (straw plus grain) was not analyzed from 1974 to 1991, 1993 to 1995 and 2003 , it was estimated from a multiple regression using biomass P (kg ha -1 ) and biomass N (kg ha -1 ) data from 1992 The barley biomass N/P ratios of 8.2, 8.0, 7.9, and 7.5 for treatments CK, M60, M120, and M180, respectively, were used in Eq.
[2]. Missing corn silage P in 1997 was estimated using a multiple regression based on silage TP (silage TP, g P kg -1 ) and silage TN (silage TN, g N kg -1 ) data from 1998 to 2000 as The corn silage N/P ratios of 5.6, 4.9, 4.7, and 4.5 for treatments CK, M60, M120, and M180 from 1998 to 2000 were used in Eq.
[3].
Statistical Analysis
The analyses of variance (ANOVA) for both soil and barley forage and grain were performed using the MIXED procedure in SAS version 9.2 (SAS Institute, 2008), with manure rate (treatment), years, and their interaction in the model as fixed effects and the replication ´ manure rate as a random effect. Year was treated as a repeated measure effect to account for potential correlations and different variances among the years. Various variance-covariance matrices were fitted and the one with the lowest Akaike's information criterion value was used for the final analysis. The UNIVARIATE procedure was used to check the residuals for normality and for potential outliers. Logarithmic transformation was used before statistical analysis when the data were not normally distributed. When any of the fixed effects were significant (P < 0.05), means comparisons were conducted using a Bonferroni test (P < 0.05).
reSultS

Soil response
Surface soil (0-15 cm depth) TN, TP, K, Mg, Na, and EC values were significantly (P < 0.01) affected by the main effects of treatment and year (except TN and TP) and their interaction (treatment ´ year) (Table 3) . Soil inorganic N at the 0-to 15-, 15-to 30-, and 30-to 60-cm depths was also affected (P < 0.01) by treatment and year and their interaction (Fig. 1) . However, surface-soil (0-15-cm depth) Ca was affected only by the main effects and Zn only by treatment (Table 3) . For the continuous manure applications (M treatments), all measured soil property values, with the exception of Ca, were greater (P < 0.01) than for the check (CK) and N inorganic fertilizer (FER) treatments in 2003 (except EC for treatment M60) and 2008 (except Na for treatment M60). For soil inorganic N, the increase was observed at all studied depths (Fig. 1) . Surface soil Zn concentrations increased (P < 0.01) with increasing manure rates. Surface soil Ca concentrations for all manure treatments were less than CK and FER treatments (P < 0.01). Check plots surface soil OC, TP, and STP concentrations also increased (P < 0.01) over time , whereas soil pH decreased (P < 0.01) ( Table 4) .
In 2008, 5 yr after manure applications were discontinued, surface soil TN concentrations from the discontinued (D) plots did not differ from their corresponding continuous manure plots (Table 3 ). In contrast, soil inorganic N concentrations from the discontinued treatments in 2008 were less (P < 0.01) than their corresponding continuous treatments for depths of 0 to 15 and 15 to 30 cm (except for D60), but not for 30 to 60 cm. Values from D120 and D180 remained greater (P < 0.01) than from CK and FER at all depths (Fig. 1) . Additionally, surface soil TP, K, Mg, Na, and EC values from the discontinued treatments in 2008 were less than their corresponding continuous manure treatments. Nevertheless, the discontinued treatment values remained significantly greater than the CK and FER values, except Na and EC, which were similar to the unmanured treatments. No significant difference in the surface soil Ca and Zn concentrations were observed between continuous and discontinued treatments (Table 3) .
barley response
Barley grain yield was significantly (P < 0.01) affected by manure applications in 2005 and 2006 but not so for other years. In these years, grain yield was approximately 30% less from the M180 and D180 plots than the check (CK) or mineral fertilizer (FER) treatments, which averaged approximately 5.7 Mg ha -1 . Manure applications did not affect barley forage yield, which averaged 8.9 Mg ha -1 over the years. Both grain and forage yields were affected by year (P < 0.01). Yield was greatest in 2008 and least in 2007, an above-average warm and dry season.
Barley forage CP, NO 3 -N, P, K, Ca, Mg, and Zn concentrations were significantly (P < 0.01) affected by treatment (except Mg), year, and their interaction (Table 5) . Forage CP and NO 3 -N concentrations were greater (P < 0.01) from the manure plots than the check for the majority of the years studied. For most manure rates and years, forage P, K, and Zn concentrations from the manured plots were greater than for forage from the CK and FER treatments. No differences were observed in forage CP, P, K, Ca, Mg, and Zn concentrations between the CK and FER treatments, except for NO 3 -N in 2003 and 2006 when values were significantly greater for FER.
The most substantial increases in barley nutrient concentrations due to continuous manure applications were observed for P, K and Zn. Barley forage P concentrations (means for the years studied) were 2.6, 3.6, 4.0, and 4.5 g kg -1 for CK, M60, M120, and M180, respectively. Potassium concentrations in barley forage were 18, 32, 37, and 37 g kg -1 for CK, M60, M120, and M180, respectively. Continuous manure applications increased barley forage Zn concentrations from 30 (CK) to 44 (M60), 56 (M120), and 62 (M180) mg kg -1 . Generally, barley forage Ca concentrations decreased as manure rates increased in the continuous plots (3.7 g kg -1 for CK and 2.7 g kg -1 for M180, means for the years studied); however, the forage Ca concentration for M180 was significantly lower than for CK only in 2008. Barley forage Mg concentrations did not vary significantly among treatments, except in 2003 when the value for M180 (2.6 g kg -1 ) was higher (P < 0.01) than for the CK (1.9 g kg -1 ). Barley forage CP concentrations decreased with time (except in 2008) for the continuously manured plots independent of treatment (Table 5) Barley forage P concentrations from the discontinued manure treatments declined with time, approaching CK values by 2010 (Table 5) . Seven years (2010 data) after manure applications were discontinued, barley forage K concentrations from the D180 treatment remained elevated compared with the check plot. The K concentrations in the forage from all discontinuous treatments were smaller but did not differ significantly (P > 0.05) from their corresponding continuously manured plots (Table 5) . Barley forage Zn from the D60, D120, and D180 plots returned to concentrations similar to the CK treatment within 5 yr after manure applications were discontinued.
Nitrogen and Phosphorus budget
After 37 yr, the cumulative N input from manure applications was calculated at 21, 39, and 59 Mg ha -1 , while removal by crop uptake was similar among treatments (6.9, 7.0, and 6.9 Mg ha -1 for treatments M60, M120, and M180, respectively). During the same period, cumulative P input was estimated at 8.5, 16, and 24 Mg ha -1 and removal at 1.0, 1.1, and 1.1 Mg ha -1 for treatments M60, M120, and M180, respectively. Therefore, crop N recovery percentage decreased with time from approximately 22% after the first manure application in 1973 to 1.3% after 37 yr for the M60 treatment (Fig. 2) . During the same period, crop P recovery decreased from 7.0 to 0.6% for the M60 treatment (Fig.  2) .
Discontinuing manure applications resulted in a small improvement in crop N recovery for treatment D60 (2.0%) compared with the corresponding continuous treatment M60 (1.3%) (Fig. 2) . Crop N recovery 7 yr after discontinuing manure applications for the D120 and D180 treatments was around 0.8 and 0.4% yr -1 , respectively, which did not differ from their corresponding continuous treatments. Crop P recovery 7 yr after discontinuing manure applications was 0.3, 0.2, and 0.2% yr -1 from treatments D60, D120, and D180, respectively, and did not differ from the corresponding continuous treatments (Fig. 2) .
diSCuSSioN
Continuous Annual Manure Application
A number of factors may have contributed to the minimal response of barley forage and grain yields during the 7-yr study. Possibly cross-contamination caused by field operations, runoff, and strong winds common in the region may have also contributed in maintaining adequate soil fertility in the CK plots. This is supported by a significant increase in soil OC, TP, and STP concentrations in the CK plots from 1973 to 2008. In addition, the decrease in CK plot pH over the years may have also contributed to an increased plant-available nutrient pool, especially P. The lack of yield differences between the CK and FER treatments support this.
Soil EC increased substantially with manure long-term applications. In general, barley demonstrates good salinity tolerance, but barley cultivars can differ substantially in their response to salinity (Richards et al., 1987; Slavich et al., 1990) . Reduction in barley yield has been reported for some cultivars soil (0-15-cm depth) properties as affected by manure applications at 0 (check, CK), 60 (M60), 120 (M120), and 180  (M180) Mg ha -1 yr -1 Values in a column for each property followed by different lowercase letters indicate a year effect, while values in a row for each property followed by different uppercase letters indicate a treatment effect at P < 0.05, based on a Bonferroni test.
‡ Surface soil test P concentrations in 2008 were reduced due to high precipitation associated with excess irrigation water added because of a leaching study.
grown at 1.5 dS m -1 (Harris et al., 2010) . Soil EC >2 dS m -1 in the manured plots may have contributed to lower than expected yields from the manured treatments despite having greater soil fertility than the CK plots. Greater CP concentrations in barley forage from the manure treatments than from the CK reflects soil TN increases following long-term cattle manure applications. The increase in barley forage CP concentration from 12 (CK) to >15 (M treatments) is desirable because of its importance in feedlot cattle nutrition needs and costs (National Research Council, 2000) . Even though high CP levels in livestock feed is desired by producers, ruminant N assimilation is inefficient and unmetabolized N is lost via excreta (Jonker et al., 2002; Satter et al., 2002) . Feedlot cattle diet N content is highly correlated with levels of NH 4 + in the manure and subsequent atmospheric NH 3 losses (Hao et al., , 2011 . High feedlot N is also potentially damaging to the environment because atmospheric NH 3 deposition near feedlots has been linked to forest decline, reduced plant diversity in natural ecosystems, N runoff, and soil acidification (Aneja et al., 2001; Krupa, 2003; Hao et al., 2009) . In addition, feeding livestock forage containing 2 to 3 g kg -1 NO 3 -N (as found in forage from the M60 plots) is not recommended for pregnant or very young animals (Crowley, 1985) . Nitrate-N levels above 4 g kg -1 in forage (as found in forage from the M120 and M180 plots) are potentially lethal and not recommended for livestock feed (Crowley, 1985) . Barley forage P concentrations increased correspondingly with surface soil TP and STP increases following continuous annual manure applications. The dietary P requirement for beef cattle in feed varies from 1.3 to 3.4 g kg -1 (National Research Council, forage mineral concentrations from 60, 120, and 180 Mg ha -1 continuous 37-yr (M60, M120, and M180, respectively)  and discontinued after 30 yr (d60, d120, and d180, respectively) manure treatments, along with a check (CK) 
2000)
. Forage TP concentrations of 3.6, 4.0, and 4.5 g kg -1 for the M60, M120, and M180 treatments, respectively, indicate that 37 yr of continuous manure applications provided more P than the dietary recommendation (National Research Council, 2000) . Feeding livestock forage at P concentrations above dietary recommendations should be avoided because more than half of the feed P intake may be excreted in the manure (ChapuisLardy et al., 2004) , thereby increasing the risk of P runoff from manured fields (Daniel et al., 1998; Ebeling et al., 2002) .
Greater K concentrations in both soil and barley forage were found with the manured treatments. Our data are consistent with a previous greenhouse study that reported increases in corn forage K concentrations after dairy manure application (Leytem et al., 2011) . In our study, barley forage K concentrations from manure treatments were much higher than the recommended 6 mg kg -1 for feedlot cattle, approaching the maximum tolerable limit (no adverse effect observed) of 30 g kg -1 for grazing cattle diets (National Research Council, 2000) . As a result of the high tissue K concentration from the manured plots, forage K/(Ca + Mg) ratios (year mean values) increased from 1.6 for the CK and FER treatments to 2.9, 3.4, and 3.8 for M60, M120, and M180, respectively. Ruminants grazing pastures with a K/(Ca + Mg) ratio ³2.2 are reported to be more susceptible to grass tetany, which is potentially fatal (Grunes et al., 1970; Grunes and Welch, 1989) . In addition, high forage P concentrations reduce the cattle's ability to absorb Ca, resulting in hyperparathyroidism and reduced bovine milk production and fertility (Smart and Cymbaluk, 1997) . The recommended forage Ca/P ratio should be approximately 1.4 or greater (Smart and Cymbaluk, 1997) . In our study, barley forage Ca/P ratios from treatments M120 and M180 were lower (0.8) than the recommended value. Additionally, Ca supplementation is required if the barley forage from our study is to be fed to cattle.
Increases in barley forage Zn concentrations following 37 yr of manure applications corresponded with manure Zn applications and therefore increased soil Zn concentrations (Benke et al., 2008) . Soil Zn concentrations in treatment M180 were near the lower end of the maximum allowable concentrations of 150 to 300 mg kg -1 used by the European Community (McGrath et al., 1994) . However, barley forage Zn concentrations for all manure rates were within the minimum requirement for beef cattle diets of 30 mg kg -1 and below toxic concentrations of >500 mg kg -1 (National Research Council, 2000) . The majority of forage grown in Alberta does not contain enough Zn to meet the province's minimum requirement of 50 mg kg -1 , and routine feed supplementation is recommended (Government of Alberta, 2010). Therefore, manure applications had a positive effect in increasing Zn plant concentrations to meet animal Zn requirements, reducing the need for supplements.
discontinued Manure Application
Thirty annual manure applications followed by 7 yr of discontinued applications did not result in significant changes in barley forage CP or NO 3 -N concentrations, probably reflecting abundant residual N in the soil. Our data are consistent with a previous study indicating that soil TN and OC concentrations declined slowly after manure applications were discontinued (Indraratne et al., 2009) .
Forage barley P and K concentrations were lower for the discontinued treatments relative to the continuous treatments, reflecting reductions in plant-available P and K; however, soil and forage P and K concentrations in the discontinued plots remained greater than values from the CK plots even 7 yr after manure applications were discontinued. This reflects the large residual nutrient concentration in the soils. In addition, K leaching in our study was small due to low precipitation and high soil cation exchange capacity and K fixation capacity of the calcareous soil with dominant smectite clay minerals. Crops such as hay and corn, with a longer growing season and greater biomass production than barley, will remove more nutrients, resulting in higher nutrient recovery and less residual (Mallory et al., 2010) . Fer) ; manure applied at rates of 60, 120, and 180 kg ha -1 yr -1 (wet basis) for 37 continuous yr (M60, M120, and M180, respectively), and manure applied at rates of 60, 120, and 180 kg ha -1 yr -1 for 30 continuous yr followed by 7 yr after manure applications had been discontinued (d60, d120, and d180, respectively).
Seven years after manure applications were discontinued, forage Ca/P ratios returned to the recommended value of ³1.4 (Smart and Cymbaluk, 1997) for treatments D60 and D180. In comparison, the K/(Ca + Mg) ratios in the barley forage (2.6, 3.2, and 3.6 for D60, D120, and D180, respectively) remained above the critical high value of 2.2 for inducing ruminant grass tetany (Grunes et al., 1970; Grunes and Welch, 1989) .
Although forage Zn concentrations decreased below the minimum requirement for beef cattle diets of 30 mg kg -1 (National Research Council, 2000) , they were adequate for plant health and were not, on average, different from the continuously manured forage.
SuMMArY
Seven years after manure applications were discontinued, the forage nutritive value for animal feed improved, particularly the Ca/P ratios; however, 7 yr was not long enough to reduce critically high concentrations of forage NO 3 -N or reduce the health risk for ruminants associated with the high K/(Ca + Mg) ratios in the barley forage feed arising from the previous 30 annual manure applications at or above the recommended N-based application rate. The greatest environmental concern in manured agricultural areas is the risk of N and P losses. Recovery of these nutrients by barley was low during the multiyear study period. Consequently, soil N and P levels remained several times greater than agronomic optimums and therefore may be susceptible to losses from leaching and/or runoff. Soil nutrient management plans should be developed and incorporated into livestock feeding programs to better manage manure use in livestock forage production for the long term, even years beyond the discontinuation of manure use.
